Vascular endothelial growth factor (VEGF) is necessary for normal postnatal lung development and may underlie the structural lung damage that follows hyperoxic exposure. To determine the individual roles of VEGF receptors (VEGFR) 2 and 1 on postnatal lung growth, neonatal mice were treated with neutralizing antibodies to VEGFR-2 (DC101) or VEGFR-1 (MF1) in the perinatal period. At 1 wk of age, mice treated with DC101 on Days 2 and 4 of life had significantly larger mean alveolar diameters consistent with impaired alveolization. By 2 wk of age, however, perinatally treated DC101 mice had normal-appearing alveolar structure. Mice exposed to perinatal hyperoxia (O 2 ) also had larger mean alveolar diameters at 1 wk of age, but unlike DC101-treated mice, their mitotic index was decreased at 1 wk of age and they had persistent alveolar enlargement beyond the first 2 wk of life. The O 2 -treated lung also had an increase in caspase 3 at 1 wk of age and significantly greater expression of nitrotyrosine at 2 wk of age. Therefore, VEGFR-2 blockade in the perinatal period disrupts early alveolar development, but the effect is reversible with time, whereas hyperoxic lung injury is associated with ongoing lung structural impairment.
Both VEGFR-2 (KDR in humans and Flk-1 in mice) and VEGFR-1 (Flt-1) have a high affinity for the VEGF ligand and are required for fetal blood vessel formation (11) (12) (13) . VEGFR-2 signaling regulates many of the effects of VEGF, including its mitogenic, angiogenic, prosurvival, and permeability actions. VEGFR-2 blockade with the rat monoclonal antibody DC101 interrupts VEGF signaling and decreases angiogenic blood vessel growth associated with tumors (14) (15) (16) (17) (18) (19) . The role of VEGFR-1 in VEGF signaling is far less clear, because it may relay growth or inhibitory signals depending on the experimental system, animal age, and target endothelial cell bed. VEGFR-1 is expressed in both a membrane and truncated soluble form. The soluble form of VEGFR-1 (sVEGFR-1) has been shown to negatively regulate VEGF activity during fetal life, and increased sVEGFR-1 have been found in the serum, amniotic fluid, and placenta of women with pre-eclampsia (20) (21) (22) (23) . In turn, membrane-bound VEGFR-1 can enhance VEGF-induced VEGFR-2 phosphorylation and pathologic angiogenesis via placental growth factor (PLGF) (24, 25) . VEGFR-1 mediates mobilization of bone marrow derived hematopoietic stem cell precursors and monocytes, and enhances monocyte migration and binding to endothelial cells (11, 26) . Furthermore VEGFR-1 may be critical in the establishment of metastasis in the lungs (27) .
The importance of VEGFR-1 or VEGFR-2 in the perinatal lung remains undetermined. Although early increases in VEGF lavage can occur with hyperoxia exposure, a decrease in VEGF and VEGFR expression has most recently been linked to the pathogenesis of hyperoxic lung injury (28) (29) (30) . Also, the deletion of HIF-2␣ transcription factor causes a VEGF-dependent respiratory distress associated with immaturity of alveolar type II cells (31) . These results suggest that in perinatal lung, impairment in VEGF signaling may interfere with normal alveolization, whereas in adult lung, impairment in VEGF signaling may interfere with VEGF's role as a maintenance factor (8) .
In this study, we asked whether VEGFR-1 and/or VEGFR-2 are required for proper lung development in the immediate perinatal life. We reasoned that if blockade of VEGF signaling reproduces the critical cellular events of hyperoxia, then the lung phenotype caused by VEGFR-1 and/or VEGFR-2 blockade would resemble that caused by hyperoxia. Our studies uncovered a differential role for VEGFR-2 versus VEGFR-1 for proper perinatal lung development during the first week of life. We also found that interruption of VEGF signaling caused lung injury that only partly reproduced that observed by hyperoxia.
MATERIALS AND METHODS
All animal experiments were performed according to animal protocols approved by the Animal Care Use Committee of the Johns Hopkins University School of Medicine. CD-1 mice (Charles River, Wilmington, MA) were used for all experiments.
VEGF Receptor Antibodies
Mice treated with VEGFR antibodies were kept in room air at all times. Mice received either DC101, an antibody to VEGFR-2 (0.08 mg/dose) or MF1, an antibody to VEGFR-1 (0.1 mg/dose). The specificity and neutralizing properties of these antibodies have been validated in numerous prior studies (32) . This dosing has been developed in prior studies aimed at growth arrest of tumor blood vessels (33) . Control animals received an equivalent dose of endotoxin-free rat IgG serum or no treatment. One group of mice received DC101 on Days 2, 4, and 6 of life by intraperitoneal injection (designated as DC101 (3) ). Because of the increase lethality with three injections, a second group of mice received intraperitoneal injections of DC101 on Days 2 and 4 of life (designated as DC101 (2) ). Animals treated with MF1 or IgG, received injections on Days 2, 4, and 6 of life. The volume per injection was 50 l. Mice that received either rat serum IgG or no treatment displayed similar lung phenotypes. Mice were killed and evaluated at weekly intervals up to 3 wk of age.
Hyperoxia
Neonatal mice were exposed to 85-90% hyperoxia for the first 5 d of life. Nursing mothers were rotated every 24 h to prevent injury from acute oxygen toxicity. Excess CO 2 was absorbed using anhydrous calcium sulfate (Drierite # 23,001; W.A. Hammond Drierite Co. Ltd., Xenia, OH). At the end of 5 d, neonatal mice were removed from hyperoxia and allowed to recover in room air.
Isolation of Lung for Analysis
The left lung was infused through the trachea with 0.5% agarose at 60 ЊC under 25 cm of H 2 O pressure and then cooled on ice, before serial sectioning (34) . The right side of the lung was tied off and frozen in liquid nitrogen, stored at Ϫ80 ЊC.
Tissue Processing and Lung Morphometry
Left lung and kidneys were placed in 10% formalin overnight and then paraffin-embedded in toto. Five-micrometer histologic sections were cut and deparaffinized using xylene. H&E staining was performed. From lung sections of 1-and 2-wk-old mice, the mean alveolar diameters (MADs) were calculated using the Image Pro Plus program (Media Cybernetics, Silver Spring, MD) as previously described (4, 35) . Mice with impaired alveolization would be expected to have significantly larger MADs. Each slide contained lung from an individual animal. Ten random sections from each slide were acquired with a ϫ20 lens. This was performed in a blinded fashion so that the operator would not know the identity of the specimen. Large airways and vessels were excluded from analysis. From each section of lung, the number of alveoli per section was calculated along with the mean diameter of each continuous alveolus. By averaging the mean diameters of the alveoli from each section, the MAD was calculated. The data were normalized to alveolar septal length (which is an approximation of the alveolar surface area).
Immunohistochemistry
For detection of nitrotyrosine, antigen retrieval was performed with citrate buffer for 20 min, followed by washing, and blockade with 3% H 2 O 2 for 15 min. Antinitrotyrosine antibody (Abcam Ab7048-50, 1:1,000 dilution; Abcam Inc., Cambridge, MA) was applied for 30 min, then washed in TBS. Secondary antibody, using InnoGenex mouseon-mouse Iso-IHC kit (HC-3119-06; BioGenex, San Ramon, CA), was applied for 10 min at room temperature, washed, processed as per the Vectastain Universal Quick Kit (PK-8800; Vector Laboratories, Burlingame, CA) and developed with diaminobenzidine (DAB, #K3468; DakoCytomation California Inc., Carpinteria, CA), counter-stained, dehydrated, and mounted with permount. Quantification of DAB staining was performed using the Image Pro Plus software (Media Cybernetics). Staining was normalized to lung perimeter.
Mitotic Index
Five-micrometer deparaffinized hydrated sections were rinsed and blocked with avidin/biotin block for 10 min and washed with 1ϫ PBS. Anti-PCNA antibody (cat# SC-7907, 1:50 dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was applied for 1 h at room temperature. Sections were washed and a secondary antibody (goat anti-rabbit Alexa Floura 488, #A11001, Green 1:200 dilution; Molecular Probes Inc., Eugene, OR) was applied for 30 min at room temperature and washed. DAPI was then applied to the tissue sections for 5 min (#D1306, 1:1,000 dilution; Molecular Probes), then washed in phosphate-buffered saline (PBS). Sections were mounted with VECTOR Hard-set mount (Vector Laboratories). From each slide, 10 random sections were viewed using a fluorescent microscope, and DAPI-stained cells were counted. Next, PCNA-positive (ϩ) cells (fluorescein-labeled) that merged with the DAPIϩ cells were counted. The mitotic index was calculated by dividing the PCNAϩ cells by DAPIϩ cells, and then multiplying by 100.
Western Blot Analysis
Whole lung homogenate was used for Western blot analysis. Protein concentrations were determined using the Biorad D C protein assay kit (Bio-Rad Laboratories, Hercules, CA). Lysates were loaded and run on a 12% SDS-polyacrylamide gel. Each protein gel contained 60 g of protein per lane and transferred to nitrocellulose. Western blot analysis was performed using active caspase 3 (sc-7272, 1:1,000 dilution; Santa Cruz), as recommended in 5% blotto in PBS and 0.05% Tween for 1 h at room temperature. The blots were then washed three times in PBS-Tween, incubated with a anti-mouse Ig, horseradish peroxidaselinked whole antibody (NA931, 1:10,000 dilution; Amersham, Arlington Heights, IL) for 1 h, then washed and developed using chemiluminescence (ECL) (RPN 2106; Amersham). For normalization of loading, blots were stripped using Western blot stripping buffer (Prod#21059; Pierce Biotechnology, Inc., Rockford, IL) as recommended and reprobed with actin mouse monoclonal antibody (sc-8432, 1:1,000 dilution; Santa Cruz) and processed as above.
Statistics
Statistical calculations were performed using the SPSS 12.0 statistical package for Windows (Chicago, IL). Differences in measured variables between experimental and control groups were determined using comparison of the means using a one-way ANOVA (Bonferroni and Tukey post hoc analysis of statistical differences, as appropriate) and Student's t test (two-tailed, equal variance). Statistical difference was accepted at P Ͻ 0.05.
RESULTS

Neutralization of VEGFR-2 Disrupts Lung Growth during the Perinatal Period
Mice treated with VEGFR-2 antibody on Days 2, 4, and 6 of life (DC101 (3) ) developed enlarged and fewer alveoli at 1 wk of age when compared with control lungs. These abnormalities continued to be present at 2 wk of age and were associated with a high mortality (Figure 1a ). DC101 (3) -treated mice also had areas of marked hemorrhage and macrophage infiltration in the alveolar spaces (Figure 1b) . Overall, these findings were consistent with endothelial cell damage and altered alveolar growth caused by impaired VEGFR-2 signaling during a critical period of perinatal lung development.
Because most of the DC101 (3) -treated mice died between 1 and 3 wk of age (Figure 2 ), we then treated mice with only two doses of DC101 (DC101 (2) ), on Days 2 and 4 of life. This dosing allowed us to study the effects of perinatal VEGFR-2 blockade on lung development as the mice matured during the first weeks of life. The DC101 (2) mice had a less severe pulmonary phenotype ( Figure 3a) and greater survival at 2 and 3 wk of age than DC101 (3) -treated mice. The mice treated with VEGFR-1 antibodies (MF1) on Days 2, 4, and 6 of life had a normal lung phenotype and no increase in mortality when compared with control mice.
When DC101 antibody was given to mice that were 2 wk old, for a total of three injections (every other day/weight adjusted dose), lung phenotype was normal at 4 wk of age and there was no increase in mortality (data not shown), thus indicating that the perinatal effects of VEGFR-2 inhibition on lung growth were restricted to the first week of postnatal life.
Effect of VEGFR Antibodies on Alveolar Growth
To quantify the effect of perinatal administration of VEGFR antibodies on postnatal lung growth, we measured the mean alveolar diameters (MADs) from the lungs of individual animals. Larger MADs have been shown to be associated with impaired alveolization in postnatal lung (4) .
MAD measurements were calculated from the lungs of 1-and 2-wk-old mice (Figures 3b and 3c ). Mice treated with two (DC101 (2) ) or three (DC101 (3) ) doses of DC101 were compared with control, MF1-treated and mice exposed to perinatal hyperoxia (O 2 ). At 1 wk of age, DC101 (2) -, DC101 (3) -, and O 2 -exposed mice had significantly greater MADs than control mice. At 2 wk of age, DC101 (3) -and O 2 -treated, but not DC101 (2) -treated mice, had significantly greater MADs than control mice. These findings suggest that the lung recovery that occurs after VEGFR-2 blockade in the perinatal period is to a large extent dependent on the extent of VEGFR-2 blockade and the ensuing lung injury. Furthermore, these data also suggest that hyperoxiainduced lung injury is partly modeled by longer VEGFR-2 signaling blockade.
Cell Proliferation, Apoptosis, and Oxidative Stress
To determine why lung growth is only transiently impaired in DC101 (2) -treated mice when compared with O 2 -exposed mice, studies of cell proliferation, apoptosis, and oxidative stress were performed. At 1 and 2 wk of age, lungs of DC101 (2) -treated mice had a mitotic index similar to that of lungs in control and MF1-treated mice (Figures 4a and 4b) . O 2 -exposed lung, however, had a significantly decreased mitotic index at 1 wk of age compared to control, MF1 and DC101 (2) -treated lung but mitotic index was not significantly different from the other groups at 2 wk of age. These findings suggest that in the perinatal period, brief blockade Increased mortality in mice treated with Dc101 in the perinatal period. At 2 wk of age, mice treated with three doses of DC101 had significantly greater mortality then control, MF1, and Dc101 (2) mice (*P Ͻ 0.0001, 0.001, and 0.02, respectively). Comparisons of the means were done by one-way ANOVA. At 3 wk of age, mice treated with two doses of DC101 had significantly greater mortality then control mice (**P Ͻ 0.04) by Student's t test. Each data point represents at least 11 animals pooled from two to three litters. The mean survival of each litter is plotted.
of VEGFR-2 signaling does not significantly decrease lung cell proliferation, as occurs in lung exposed to hyperoxia. Because it has been shown that perinatal lung exposed to hyperoxia may develop impaired alveolar growth secondary to an increase in apoptosis (36, 37), we measured caspase 3 protein levels from 1-wk-old lung to determine if DC101 (2) -treated lung had evidence of increased apoptosis. Caspase 3 protein levels were elevated in O 2 -exposed lungs at 1 wk of age ( Figure 5 ), but not in lung from DC101 (2) -treated mice.
We then measured nitrotyrosine staining as a marker for oxidative stress, due to formation of peroxynitrite by superoxide and nitric oxide. This was done because markers of oxidative stress have been found to be increased in response to lung injury and may be associated with impaired lung growth (4, 38) . We found that the lungs of mice exposed to perinatal O 2 had increased nitrotyrosine staining at 2 wk of age compared with control, MF1-, and DC101 (2) -treated lung (Figures 6a-6c ).
DISCUSSION
Our findings reveal that VEGF is critical for early postnatal lung growth. We have shown, using a neutralizing monoclonal antibody to VEGFR-2, that blockade of VEGF signaling during the perinatal period impairs postnatal alveolar growth. This effect, however, is dose-and age-dependent. Mice that received three doses of DC101 antibody in the perinatal period had impaired alveolar growth at 1 and 2 wk of age and evidence of vascular leak and increased mortality. Mice that received only two doses of DC101 antibody in the perinatal period had impairment of alveolar growth at 1 wk that was reversible by 2 wk of age. Furthermore, the perinatal lung injury observed due to VEGFR-2 blockade differed from that of hyperoxia, in that hyperoxia-induced injury was persistent and associated with decreased alveolar cell proliferation, and increased apoptosis and oxidative stress.
Our studies also revealed that in contrast to VEGFR-2 blockade, VEGFR-1 blockade did not adversely impact perinatal alveolar growth, thus suggesting that the VEGFR-2 signaling accounts for most of the VEGF protective effect in the perinatal lungs. Lungs of DC101 (3) mice had an increase in alveolar macrophages and hemorrhage consistent with severe lung injury. This was associated with markedly enlarged and fewer alveoli, indicating poor alveolar growth and decreased lung surface area. The protective role of VEGFR-2 signaling was underscored by the milder phenotype obtained with two doses of DC101. Our results indicate that VEGF is not only required during lung morphogen- esis and late fetal development, but also in the first week of rodent adaptation to postnatal life.
It was recently described that overexpression of VEGF 164 in newborn mice resulted in vascular leak, pulmonary hemorrhage, Figure 4 . Decreased cell proliferation in oxygen-exposed lung at 1 wk of age. (a ) At 1 wk of age control, MF1-, and Dc101 (2) -treated lung have significantly more PCNApositive cells than lung exposed to hyperoxia (white arrow points to PCNA staining). (b ) The mitotic index of control, MF1-, and Dc101 (2) -treated lung was significantly higher then hyperoxia-exposed lung (P Ͻ 0.03, 0.01, and 0.05, respectively). Comparisons of the means were done by one-way ANOVA (n ϭ 3-6).
and emphysematous changes in the adult lung possibly secondary to increased nitric oxide (39) . In our study, VEGF/VEGFR-2 signaling blockade in the perinatal period also led to increased pulmonary hemorrhage in DC101 (3) mice and impaired alveolization in the DC101 (2) and DC101 (3) mice. These studies suggest that alteringVEGF/VEGFR-2 signaling by either overexpression of VEGF or VEGFR-2 blockade can detrimentally affect postnatal alveolar growth by disrupting normal endothelial cell development.
Our observation that VEGFR-1 blockade in the perinatal period had no effect on lung growth or survival was surprising, particularly because VEGFR-1 has been shown to be important for macrophage migration and may be necessary for the development of metastatic lung lesions in certain malignancies via induction of metalloprotease 9 (40, 41) . Furthermore, it is possible that VEGFR-1 activation by placental growth factor (PlGF) might enhance the lung protective effects of VEGF-VEGFR-2 signaling, as demonstrated in pathologic angiogenesis (25) . Alternatively, VEGFR-1 overstimulation may lead to emphysema-like changes as described in the PlGF-overexpressing mouse (42) . A previous study by Le Cras and coworkers demonstrated that SU5416, an inhibitor of VEGF receptors 1 and 2, caused impaired lung growth and development of pulmonary hypertension when given to neonatal rats (10) . Several reasons may explain the differences between the study by Le Cras and colleagues and our study. In their study, although only one dose of SU5416 was given to the perinatal rat, the inhibitory effects of SU5416 have been shown to last longer then 72 h (43) . SU5416 may also accumulate in cells, and subcutaneous administration of SU5416 may allow for prolonged VEGFR-2 blockade through slow release of the drug. Furthermore, SU5416 also causes VEGFR-1 blockade, exerts an inhibitory effect against the platelet-derived growth factor (PDGF) receptor, and is a weak inhibitor of fibroblast growth factor receptor (44) . Therefore, by treating perinatal mice with DC101 or MF1 antibodies, we were able to avoid interactions with other receptor-signaling pathways, thus allowing us to study the specific effects of VEGFR-1 or VEGFR-2 blockade on postnatal lung growth.
A potential limitation of our study is that VEGFR-2 blockade in the perinatal period may affect kidney function. This, in turn, could have an effect on lung function independent of a primary pulmonary abnormality. Acute kidney failure has been shown to alter lung function through a macrophage-mediated increase in pulmonary permeability and dysregulation of salt and water channels in the lung (45) (46) (47) . Although we did not perform permeability studies, DC101 (2) -treated mice showed histologic evidence of lung recovery at 2 wk of age despite persistent abnormalities in the kidney (data not shown), suggesting that kidney dysregulation did not interfere with alveolar growth.
The effect of hyperoxia on postnatal lung may vary according to the length of exposure, degree of hyperoxia, and age and species of the model used. In a model using perinatal rabbit, 9 d of hyperoxia exposure caused downregulation of VEGF in the lung, whereas there was no decrease in VEGF mRNA after 4 d of hyperoxia (48) . The effect of hyperoxia on VEGFR-2 autophosphorylation, however, was not studied at either time point; therefore, it is unknown whether functional VEGF/ VEGFR-2 signaling was impaired at the 4-d time point. In our model we found that blocking VEGFR-2 signaling resulted in impaired alveolar growth in the first week of life; however, the lungs of mice treated with two doses of DC101 recovered at 2 wk of age, unlike lungs exposed to 5 d of hyperoxia. We found that although both DC101 (2) -and O 2 -treated lung had impaired alveolization at 1 wk of age, only the O 2 -treated lung had a decrease in mitotic index. Another study, supporting our results, also found that VEGF inactivation in the lung did not decrease alveolar proliferation, even though the mice developed emphysematous changes (49) . In that study a marked reduction in pulmonary VEGF was achieved by giving VEGFloxP mice intratracheal adeno-associated cre recombinase virus. Although they had increased TUNEL staining, they did not have decreased cell proliferation by PCNA staining. We were surprised that we did not find an increase in apoptosis in the 1-wk-old DC101 (2) lung as found in other models of VEGFR-2 blockade (49). Although caspase 3 was not increased in DC101 (2) lung, an increase in apoptosis may have been missed by not sampling an earlier time point. The O 2 -treated lung had both an increase in caspase 3 protein levels at 1 wk of age and an increase in nitrotyrosine (a marker of oxidative stress) at 2 wk of age. These findings may account for the persistent impairment in alveolar growth in lung exposed to perinatal hyperoxia (4) . Furthermore, the difference in the extent of lung destruction, between VEGFR-2 blockade and hyperoxia, might also be explained by the requirement of prolonged VEGFR-2 neutralization. Furthermore, acute hyperoxia exposure may affect growth factors other than VEGF (50) .
In conclusion, our results indicate that disruption of VEGF-VEGFR-2 signaling, by DC101 in the perinatal period, impairs postnatal alveolar growth in a dose-dependent manner. DC101 (2) disruption of postnatal lung growth resembles that of hyperoxia-induced injury; however, unlike hyperoxia, its effect on alveolar growth can be reversible by 2 wk of age. Finally, we also found that blockade of VEGFR-1 in the perinatal period, by MF1, does not alter lung growth or survival, suggesting that VEGFR-1 is not essential for postnatal lung growth or survival. 
